Fluctuations in the expression of measles virus surface-associated antigens in persistently infected human Lu io6 cells were analysed by the use of human sera which preferentially reacted with the haemolysin or haemagglutinin component. The variations observed correlated with the proportion of cells expressing surfaceantigen, as examined in population analysis by indirect immunofluorescence, a radio-labelled antiglobulin technique and a cytotoxicity assay. Microfluorometric analysis revealed no changes in antigen expression at the single-cell level. The number of cells that were positive by immunofluorescence among exponentially growing, low density cells remained relatively constant. These cells were more susceptible to cytotoxicity mediated by both antisera and complement than cells seeded at high density and kept in the stationary phase. The percentage of fluorescent cells among the latter cells gradually decreased. Thus cytotoxic susceptibility was related to the proportion of the total cell population that was antigen-bearing, rather than to variations in the expression of antigen at the single-cell level. In mitotic cells, polarization of antigen, as measured by indirect immunoftuorescence of pre-fixed cells, was frequently seen. Often only one of the daughter cells expressed surface antigen. The results imply that cells in stationary phase may lose antigen from their surface, possibly by shedding, and furthermore that re-expression would demand a new cell cycle.
INTRODUCTION
Structural changes in the membrane of cells chronically infected with measles virus are of interest with respect to the host's immune response to these cells. We have previously shown that a persistently-infected human cell line fluctuates in its expression and distribution of measles virus antigens on the cell surface (Ehrnst et al. I974)-The distributional variation could be related to a polar appearance of the measles virus haemagglutinin on the surface of the infected cell, followed by spontaneous lateral migration (Ehrnst & Sundqvist, t975) . Variations in cytotoxic susceptibility have also been reported (Ehrnst, I975) .
Previous reports have shown the dependence of fluctuations in cytotoxic susceptibility on the density of cell surface antigen (M611er & M611er, I962 ) and that this antigen density could be cell cycle dependent (Kuhns & Bramson, 1968; Cikes & Friberg, I97I; Thomas, I97I; Summer et al. r973) . The techniques used in these studies were not adequate to determine the antigen density at the single-cell level but measured the total amount of antigen expression in the total population of cells. When microfluorometric analysis was used to study the antigen density of HL-A and IgM at the single-cell level, these variations oo22-i317/79/oooo-3594 $02.00 (~) I979 SGM A. EHRNST were not observed during the cell cycle (Killander et al. I974) and it has been questioned whether fluctuations in cytotoxic susceptibility may be independent of variations in antigen density (Pellegrino et al. 1974) .
In this report, evidence is presented that fluctuations in the expression of measles virus envelope components at the cell surface and variations in cytotoxicity may be proportional to the number of antigen bearing cells and not to variations in antigen expression at the single-cell level. It was also demonstrated that the fluctuations and the variations in antigen distribution are ceil phase dependent.
METHODS

Cells.
A carrier cell line of the Edmonston strain of measles virus in a human heteroploid lung cell line, Lu 1o6 (Norrby, 1967) and non-infected Lu IO6 cells of HeLa cell origin (Espmark, 1978) were grown in Eagle's minimum essential medium (E-MEM), containing penicillin and streptomycin, t '~ L-glutamine and 5 ~o calf serum. Falcon bottles, 75 cm2 (25o ml), were used. Prior to examining cell surface antigens, the cells were subjected to t rain treatment with o.1 ° o trypsin in 0.02 o~ EDTA and resuspended in fresh medium.
Sera. Two human sera were used which have been characterized previously (Norrby & Lagercrantz, 1976; Ehrnst, I977) . The serum P.N., used for reaction with the haemolysin (H L) antigen, had the following titres : haemolysis-inhibition (H LI): 8oo; haemagglutinationinhibition (HI): 16; and after absorption with Tween 80 and ether treated measles virus material (TE-antigen) HLI: 4oo and HI < 2. The absorbed serum was used. The other serum, C.E., was obtained from an individual who had been vaccinated with TE-antigen. This serum contained antibodies against the haemagglutinin (HA) but not non-HI mediated HLI antibodies. The titres were, before absorption with TE-antigen: HLI loo, HI 64o and after absorption: HLI < 5, HI < 5. Unabsorbed C.E. serum was used. This is referred to as anti-HA serum. Both sera were heat-inactivated at 56 °C for 3o rain.
Fixation procechtre. In order to immobilize the measles virus surface-associated antigens, the cells, lo ' per tube, were fixed with o.2 ml of 4 % paraformaldehyde (PFA) for 15 rain at 4°C (Robertson et al. 1963; Ehrnst & Sundqvist, ~975) . The cells were washed in Tyrode's o/normal sheep serum. Fixed cells were kept at 4 °C until used. buffer (pH 7"4) containing I /o Immunoftuorescence (IF) . A pellet of the PFA-fixed cells was reacted with o.z ml antiserum for 3 ° rain at 4 °C, washed twice and subsequently reacted with o.2 ml sheep anti-human immunoglobulin serum conjugated with fluorescein, t: IO, (the National Bacteriological Laboratory, Stockholm, Sweden) at 4 °C for another 3o min. The cells were mounted on a glass slide, and evaluated qualitatively in a Zeiss fluorescence microscope and quantitatively in a Leitz Orthoplan microscope, coupled to a photometer for determination of fluorescence intensity at the single-cell level. Details of the procedure for intensity determinations per cell has been given earlier. (Sundqvist, I973a, b) .
Isotope anti-immunoglobulin technique. A pellet of the PFA-fixed cells was incubated with o.2 ml antiserum in duplicate at 30 rain, washed three times with Tyrode's buffer and incubated further for 30 rain with o.a ml ~2SI-labelled (Marchalonis, I969) sheep anti-human immunoglobulin serum. The cells were washed twice and the radioactivity was measured in a Nuclear Chicago scintillation counter, type Biospan TM.
Cytotoxicit), assay. Cytotoxicity tests were performed as described previously (Ehrnst, I975, I977, I978a 
Fluctuations in antigen-expression as related to the proportion of cells expressing antigen
The following experiments explored the relationship between antigen-expression in the total population of cells and that in individual cells.
Population analysis
Infected and non-infected cells, respectively, were seeded at 2 ::< IO 6 cells per flask and grown at 37 °C (Fig. 1) . Consecutive samples were collected during the following nine days. The total amount of antigen in the population was measured by the isotope antiimmunoglobulin technique. The number of antigen carrying cells was measured by immunofluorescence and cytoxicity. There was a greater expression of both the HA and the haemolysin antigen during the exponential phase of the growth curve. In this experiment medium change was followed by increased antigen expression which might have been related to increased cell growth.
Comparisons with cytotoxicity mediated by HLI antibodies were complicated by fluctuations in complement, C', background (Ehrnst, 3975) . Ordinary rabbit C' was used to allow C' activation by the classical pathway but it was not diluted beyond the possible simultaneous spontaneous C' activation (Ehrnst, 1975) . The correlation coefficient between cytotoxicity in the presence and absence of specific antibody was r = -o'56 and r z= o'33. Thus the spontaneous C' cytotoxicity and antibody C'-dependent cytotoxicity are independent phenomena.
Analysis at the single-cell level
Microfluorometric analysis was performed on each sample stained for immunofluorescence to measure the antigen expression on individual cells. There was no apparent difference in the relative proportion of cells expressing strong, intermediate or weak IF intensity among IF positive cells on each day when stained by the human anti-HA serum (Fig. 3a) . In contrast, a continuous increase in antigen density per cell was demonstrated when the cells were shifted from the non-permissive temperature of 39 °C to 33 °C (Fig. 3b) , which increases the synthesis of viral products (Norrby, I967) .
These data show a close correlation between the accumulated amount of antigen in the cell population as measured by the uptake of radiolabelled anti-immunoglobulin antibodies and the percentage of IF positive cells, in agreement with earlier findings (Ehrnst & Sundqvist, 1975 ). However, with special reference to the haemagglutinin, these observations do not suggest that a great variation in antigen density per cell accounts for the fluctuation in antigen expression, observed here and earlier (Ehrnst et al. I974; Ehrnst, I975) .
Antigen-expression as related to cell density and growth phase
Due to the possibility that dividing cells express more antigen compared to non-dividing cells ( Fig. I and 2) , the importance of cell density and growth for antigen-expression was explored further. at lower density° Thus cell density was affecting membrane expression of measles virus antigens.
To compare exponentially growing cells with cells in the stationary phase, non-infected and infected Lu IO6 cells were seeded into Falcon flasks at low density (A) or high density (B) and grown for four days; (A) gave an exponential growth curve while (B) behaved as a stationary culture. Each day cells were treated with trypsin, counted and assayed in a cytotoxic test, by immunofluorescence and using the radiolabelled antiglobulin technique. Fig. 4 shows the estimated relative cell size of the respective cell sample. This was measured as the sum of two diameters at right angles, one of which was the greater cell diam. While the size of cells seeded at low density (A) did not vary during the four consecutive days, the size of cells in stationary phase (B) decreased. The variance of the cell size also decreased, in agreement with an accumulation of cells in the Go-G~ phase. Although cell size is not a strict parameter of the cell cycle, the smallest cells within a cell population are most likely to be in the Go-GI phase. Fig. 5 illustrates the decrease with time of membrane-fluorescing cells in the stationary phase. However, there was a relatively constant proportion of cells demonstrating membrane fluorescence during exponential growth. This applied to cells stained by either the anti-HA serum or the haemolysin antiserum. The cytotoxicity assay demonstrated a similar difference between cells in the exponential and stationary phases (Fig. 6) . The radiolabelled antiglobulin technique failed to show such a difference, possibly due to the fact that it measured the accumulated amount of antigen in the cell population. --9"8 (P < o'o0; A Student t test of the difference between the two pairs of lines (I-II) was in each case highly significant (P < o'ooi). cells among stationary growing cells has already been shown in Fig. 5 . These experiments were repeated and gave similar results.
Analysis at the single-cell level
The conclusion from these results was that cytotoxicity in this system was correlated with the proportion of antigen-bearing cells, as revealed by microfluorometric analysis, independent of antigen expression at the single-cell level. 
Variations in distribution
A non-random polar distribution of antigen expression was frequently observed during mitosis (Ehrnst et al. I974; Ehrnst & Sundqvist, I975) . In the present study, one hundred mitotic cells grown on glass slides in Leighton tubes (Ehrnst & Sundqvist, I975) were examined. In 5o cells, both daughter cells showed membrane fluorescence, usually at each Anti-HL 27"4_+4'3 3I'6_+9"9 ** n.s. (P > o'o5) 4
Anti-HL 24'2_+3"6 27'9_+5'7 * **
• P < o'o5; **P < o.ol; ***P < o.ooi, pole, while in 20 cells, none of the daughter cells demonstrated fluorescence. In 30 cells only one daughter cell showed fluorescence. Similar patterns were observed on mitotic cells in suspension. Such a variation in distribution may be a mechanism whereby cells can arise which lack surface-associated measles virus antigens.
To investigate the possible relationship between alterations in the distribution of surfaceassociated virus antigens and the cell cycle, the relative cell size of polarly fluorescent cells was recorded (Table l) . Polarly fluorescent cells seemed to belong to a small subset of cells. Their mean cell size was generally smaller and their variation in size was also less than that of the whole population.
DISCUSSION
Variations in antigen expression of two measles virus antigens, the haemagglutinin and the haemolysin, at the surface of human Lu IO6 cells persistently infected with measles virus, were shown to be correlated with the proportion of cells expressing surface-associated antigens and to be related to cellular growth and cell density. Cytotoxicity was also correlated with the proportion of antigen-bearing cells, as revealed by microfluorometry, rather than with the amount expressed at the single level.
Based on the present data, the following mechanisms for appearance of cells not expressing detectable amounts of antigen are proposed. (i) Surface-positive cell enters mitosis and one daughter cell becomes surface-negative. (ii) Surface-positive, resting Gl cell becomes surfacenegative by shedding.
Among a significant number of dividing cells there was an uneven distribution of antigen (polar fluorescence), so that only one daughter cell expressed surface-associated antigens in spite of the fact that over 9o ~o of cells express antigens intracellularly (data not presented, Ehrnst et al. I974) . Thus one of the daughter cells may only have intracellular antigens and not express surface antigens until some induction event occurs. Loss of measles virus antigens from the cell surface during the stationary phase was the second mechanism proposed for the appearance of cells lacking surface-associated measles virus antigens. This could occur possibly in connection with membrane turnover. Since stationary growing cells demonstrated loss of surface-associated measles virus antigens while exponentially growing cells did not, it was suggested that renewal of surface-associated antigen was correlated with cellular growth.
Polarly fluorescent cells were usually small, i.e. mean cell size and variation were generally smaller than the controls. If mitotic cells had not been directly identified, the present results might have implied that the polarity appeared during G I. However, most mitotic cells demonstrated polar fluorescence as described earlier (Ehrnst et al. 1974; Ehrnst & Sundqvist, I975) . Thus, the interpretation of this is that the polarity occurs during mitosis, not G l, and remains present during Gl. The polarity probably disappears during the S-phase and G2, presumably by lateral migration on the cell surface (Ehrnst & Sundqvist, I975) .
The focal assembly of surface-associated measles virus antigens during mitosis and GI may be best explained by an insertion of new antigens during mitosis. This would be in agreement with the requi.rement of cellular growth for regeneration of surface antigens observed here. Similarly, blood-group H antigen in HeLa cells appears during mitosis and disappears in ageing cultures (Kuhns & Bramson, I968) . PHA-stimulated lymphocyte cultures permit measles virus growth better than non-stimulated cultures (Osunkoya et al. 1973, I974; Joseph et al. ~ 975) . Activation of a latent measles virus infection in proliferating cells has been reported (Haspel et al. 1973) . Also the expression of other virus antigens has been shown to be growth-dependent (Panem & Schauf, I974; Fischinger et al. x975; Kaplan et al. I975; Paskind et al. I975; Schauf & Panem, I976) . However, the variations in distribution observed during mitosis may also be due to factors other than the appearance of new antigen. One such factor could be the rearragement of actin filaments during mitosis (Sanger, I975) . A molecular association of measles virus haemagglutinin with actin has been suggested (A. Ehrnst, unpublished data) and furthermore, haemagglutinin depends on the microfilaments for membrane mobility (Ehrnst & Sundqvist, r975; Sundqvist & Ehrnst, 1976) .
The significance of these data may be discussed in relationship to the maintenance of a persistent measles virus infection in an immunologically intact individual (see also Haspel et al. I973) . Assuming that there is a prerequisite for cellular growth in the regeneration of measles virus antigens at the ceil surface, resting cells, even with very little membrane turnover (Warren & Glick, 1968) , would successively lose measles virus antigens (Ehrnst, I978b) . Without renewal of membrane antigens they would become less susceptible to an immunological attack. Activation of cells into cell division could then lead to a new expression of measles virus surface-associated antigens which in turn could stimulate an immunological attack.
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